as safe chromosome identification by technical banding (Caspersson et al., 1970) . The use of microscope photometers allowed measurements of DNA content in interphase nuclei (Caspersson et al., 1955; Deeley, 1955 ; see also for a recent review van der Ploeg, 2000) . The technique was eased with the Feulgen procedure that produced a DNA specific dye for visible light. Microphotometry has found an early application in cancer research (Atkin and Richards, 1956; Sandritter and Fischer, 1962) . Olle Caspersson (1964) was one of the first who focussed on premalignant lesions and thus on tumorigenesis. Quantitative DNA records revealed an interrelation between genomic alterations and tumorigenesis. The global recording of nuclear DNA became an important approach towards quantification of genome stability. A congruence and causal connection has been suggested for the scattered profiles of DNA content in interphase nuclei and the countable aneuploidy in metaphase spreads (Richards and Atkin, 1960) . Two unfortunate mainstreams have hampered progress in the immediate study of pathologic mitoses. One was the desire for rash sample analysis that favoured the use of flow fluorometers, which are limited to interphase nuclei from disintegrated tissues. Another hindrance were statements that the use of microsections is not permissible in microphotometry (Böcking, 1998) . On the other hand, a legitimate caveat has been proposed that judgements of histopathologists upon mitosis may be unreliable because of interobserver variability. Therefore, Barry et al. (2001) have called for a robust definition of abnormal mitoses.
PATHOLOGIC MITOSES
The human body is the result of mitotic proliferation in accordance with cellular diversification. Adult tissues consist mainly of specialized cells, which are terminally differentiated. Mitotic activity remains restricted to somatic stem cells that eventually repair injuries, and to committed stem cells that substitute for tissue turnover. There are three criteria that characterize aberrations from regular mitotic activity in the soma: (1) dislocated divisions with relentless persistency, (2) multipolar anaphase distortion and (3) aberrant DNA content. Each can be traced with methods using light microscopy.
Divisions in tissue disorder
Healthy mucous membranes, as an example, are composed of four compartments consisting of (1) silent stem cells, (2) a layer of committed cells showing controlled proliferation, (3) differentiated cells and (4) cells scheduled for apoptosis. Proper mitoses must not occur in the maturely differentiated compartment. Even a heavy inflammation does not violate this rule (Fig. 1 a) . Positional and temporal limitations of mitotic activity provide evidence for stringent genetic control. Divisions appearing outside the committed compartment, however, are highly suspicious for being pathologic. If an illegitimate proliferation is not stopped soon, the environment becomes less differentiated and eroded by time. Diagnostic antibodies may provide further evidence for dislocated cell multiplication (Ki67 expression) and lagging differentiation (no decoration for E-cadherin). Cellular divisions are strictly limited in time for some days after injuries. Long persistence of cell multiplication indicates cell cycle disorders followed by aberrant mitotic figures, which occur already in premalignant lesions (Fig. 1 b) . This rule was proven in squamous epithelia of oral mucosa, esophagus, uterine cervix and skin, further in columnar epithelia of gastric and colorectal mucosae (Steinbeck, 1997; Steinbeck and Auer, 2000; Khaled et al., 2000) .
Multipolar chromosome arrangements
Centrioles usually are observed paired in a distinct cytoplasmic body, the centrosome. The autoreduplication of centrioles in late G2 of interphase, however, is disturbed when more then two centrosomes result (Galeotti, 1893; Pihan et al., 1998) . In consequence of spindle defects, tripolar 312 and tetrapolar metaphases could occur and have been already recorded by Hansemann (1890). Multipolar arrangements are indeed most conspicuous and therefore acknowledged as the paradigm of pathologic mitoses. The dramatic morphology favoured the opinion that they are sure indicators of malignancy (Therman and Timonen, 1950) . But with (premalignant) carcinomas in situ of the uterine cervix, Hamperl (1954) has noticed DreiGruppen-Metaphasen, which probably were tripolar structures.
Multipolar spindles would distribute chromosomes at random. Thus, they were judged being highly inefficient in accomplishing segregation of whole genomes (Boveri, 1914; Stern, 1958) . If a primary multipolar process could finish successfully through telophase, the progenitors would be extremely hypoploid. Three 1.3 c nuclei should result from a tripolar anaphase, whereas a quadripolar configuration should produce four haploid (1 c) nuclei. In each case, apoptosis is expected to eliminate the pathologic products. The consideration depends on a yet not answered question whether multipolar figures with a regular DNA content of 4.0 c really exist. According to my experience, multipolar structures are hyperchromatic containing more than 4 c DNA. Multipolar events are rather rare in tumours, and their prophase precursors are unknown. Scarcity explains the lack of molecular data. Multipolar organization shows that the spindle can function independently and ruthlessly against chromosomes and the karyotype. This is especially obvious from experiments when microtubules segregate DNA-coated microballs instead of chromosomes (Zhang and Nicklas, 1996) .
Chromosome division figures
Pathologic divisions occur in premalignant and malignant tumours. Since their defects are not discernible for sure with the light microscope, they are generally addressed as "mitoses" (Fig. 1 d-f ). Examples only with extreme aberrations may be realized by mere morphological inspection like the asymmetric telophases reported by Hansemann (1890). Microphotometry provided quantitative evidence that divisions in premalignant and malignant lesions represent indeed pathologic entities despite their unsuspicious morphology (Fig. 2) . Such a division was termed Chromosome Division Figure (CDF) when its DNA content was ± 0.5 c aberrant from 4 c (Steinbeck 1997 ). The coinage is close to the historical term Kerntheilungsfigur (nuclear division figure) and indicates a pathologic 313 mitosis by definition. CDFs comprise deleterious chromosomal sets with aberrant DNA content as well as the minor fraction characterized by multi- polar spindles. The term should emphasize that CDFs are products of chromosome instability. This is in contrast to the concept of true mitosis performing equational bipartition in anaphase as an intrinsic condition of genome stability. In support of these arguments, CDFs were found to precede aneuploidy in interphase nuclei (Steinbeck, 1998 a) .
Quantifying CDFs in solid tumours
Reliable DNA measurements with the aid of an image microphotometer depend on integer nuclei, which can be traced in 15 µm sections of surgical specimens. Calibration may be done on interphase nuclei of small lymphocytes providing an endogenous 2 c DNA standard (Steinbeck et al., 1999) . DNA data from lesions in bacterially induced inflammations, high-grade dysplasias (HGD) and carcinomas were recorded from oral and colon mucosae (Fig. 3) . Nuclear divisions from inflammations appeared mitotic, i.e. close to or slightly below 4 c DNA. Since telophases require ample space for chromosome transport, they may be underestimated due to knife artefacts. However, divisions clearly above 4 c were obtained from HGD in mucous membranes, while CDFs in carcinomas averaged above 5 c DNA. A careful investigation of telophase CDFs revealed that their "halves" are generally unbalanced in HGD and in carcinomas (Fig. 2 c) . A low incidence of asymmetric telophases characterized the onset of tumorigenesis. Cellular selection suppresses underweighted telophase CDFs during tumour progression. Thus, over-weighted (> 4.5 c) CDFs accumulate in HGD and carcinomas. Predominant overweight has also been recorded from interphase analyses in carcinomas (Caspersson et al., 1960; Atkin, 1962; Sandritter and Fischer, 1962) . These reports are supported by experience from routine pathology that a diploid carcinoma has never developed from aneuploid nuclei in HGD or cancer.
Subtle aberrations in unbalanced telophases as well as in prophase and metaphase CDFs demand instruments sensitive for a DNA content in the femtogram range. Modern image microphotometry is a convenient survey tool to quantify chromosome in/stability in individual nuclei of solid tumours. However, aberrations correlated with DNA amounts equivalent to a mean chromosome (± 0.04 c) are at the limits of microphotometry and demand more expensive techniques using molecular probes.
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Endomitosis and endoreplication The definition of endomitosis comprises two criteria: (1) the nuclear membrane does not dissolve during (2) condensation of chromosomes. The DNA content may amount to 4 c, 8 c, 16 c, and so on. Thus, the persistent nuclear membrane discriminates endomitoses from mitotic divisions and from CDFs. The sister chromatids eventually separate from endometaphase to endoanaphase without a spindle, leading to a polyploid morphology. Endomitoses can be found in malignant, aneuploid tumours. Sandberg (1990, there Figure 300) has shown rare examples with high DNA content (at least 64 c). Actual nuclear divisions and consecutive cytokineses have not yet been confirmed with such giant CDFs in human tissues. This cannot be expected seriously, if spindle function is released. DNA endoreplication does not end up with endomitosis in any case, but may be executed by nuclei in permanent interphase. Such an enlarged interphase nucleus showed 106.5 c in a case of HGD in uterine cervix (Fig. 4) . Some dysplastic nevi in human skin harbour overweight interphase nuclei. The distribution profile of their DNA content extends from 2 c up to 10 c and more. The aneuploid condition is obviously caused by incomplete endoreplication. The appearance of additional CDFs is linked with final transformation to melanoma. One has to keep in mind that overweight nuclei do not inevitably represent pathologic aberrations. Distinct DNA endoreduplication occurs in some tissues during normal human development. Cells in the amnion fluid contain some 8 c nuclei. The nuclear DNA content in human megakaryocytes makes usually 16 c, and 64 c at maximum (Weste and Penington, 1972) . A level of 8 c endoreduplication has also been observed in adult human heart and liver. Nuclei in hypertrophic myocardium attain 32 c. In the shocked liver, some 16 c nuclei were observed, but many cells were binucleated (Steinbeck, 1998b) . From these instances of regular endoreplication, it is reasonable to conclude that endomitoses and endoreplicated nuclei do not contribute to tumour progression in general.
Gene amplification and rearrangement
The unknown mechanism of linear addition of gene copies to chromosomal DNA has been termed amplification that contributes to pathologic mitoses at the molecular level. Such supernumerary domains can be shown with artificial banding on metaphase spreads from short-term cultures established from biopsies. The microscopic threshold of a heterogeneously staining region (HSR) demands some 15 Mbp with G banding (Kunze et al. 1996) . In human breast cancer, HSR is the prevalent form of DNA amplification. HSRs frequently contain highly multiplied DNA sequences of oncogenes that code for tyrosine kinases, growth factors, transcription factors or other nuclear proteins. A significant association between HSRs and shortened survival has been reported (Bernardino et al., 1998) . Genes encoding polypeptides associated with tumour suppressors can also be amplified (Oliner et al., 1992) .
If supernumerary sequences do not exceed a HSR threshold, comparative genomic hybridisation (CGH) may detect pathologic gains and losses in genomic DNA from interphase nuclei (Kallionemi et al., 1993) . Investigating the same tumour specimens, chromosomal alterations were found well correlated with the frequency of CDFs according to CGH and microphotometry, respectively Steinbeck, 1998 c) .
Spectral karyotyping (SKY) surpasses the artificial banding techniques and shows readily chromosomal sites as targets of amplification and rearrangements (Schröck et al., 1996 (Schröck et al., , 1997 . In contrast to CGH, which is an indirect bulk method, SKY detects directly chromosomal mutations in cell lines or in a patients own metaphase spreads (Fig. 5) . This technique is especially helpful when inversions and reciprocal translocations do not alter the genome size. The same is true if deletions are compensated by amplifications.
The above techniques are precise survey tools to identify pathologic mitoses and eventually faulty interphase nuclei, whereas real-time PCR and microarray assays represent diagnostic aids that focus on tumour relevant genes. Defects caused by point mutations, however, demand sequencing of isolated somatic DNA.
PATHOLOGY OF MITOSIS

Void cycle checkpoints
Molecular investigations provide evidence that beside interphase, also prophase throughout telophase are under surveillance. The aberrant DNA content of a CDF, however, indicates that such a cell suffers from genetic alterations and has escaped previous control mechanisms. An asymmetric and successful telophase will deliver immortal progenitors by cytokinesis. Such a final accident may occur in consequence of genetic defects that have not been detected or prosecuted earlier. Apoptosis in coordination with the immune defence protects young and healthy organisms, but an aged person may succumb the risk of somatic cell variation, especially in tumorous processes (Hauschka, 1958; Evan and Vousden, 2001 ). Crucial to successful anaphase transport is the spindle checkpoint, which controls the correct attachment of kinetochores with bipolar microtubules (Nicklas, 2000; Michel et al., 2001) . Defective daughter cells are the product of total duping the cascade of checkpoints and of constitutive anaphase promotion. Loss of heterozygosity (LOH) in recessive alleles with tumour suppressing capacities generates inevitably tumours. The tumour suppressor P53 is not only active during G1, but shows a broad responsibility for mitotic control. P53 functions also as a component of a spindle checkpoint (Meek, 2000; Vogelstein et al., 2000) . Faulty DNA sequences may persist due to a knockout of the G2 repair machinery. A more conspicuous damage is caused by disorders in sister chromatid separation (Heck, 1997; Michaelis et al., 1997; Rao et al., 2001) . These molecular failures become evident in light microscopy from errant chromosomes in metaphase. Histology of premalignant lesions exhibits besides errant elements also chromatin bridges (and breaks) in anaphase and asymmetry in telophase.
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Mitotic mistakes and tumorigenesis Most frequently, tumorigenesis does not begin with malignancy. Atypical, non-invasive cells pass through progressive stages of dysplasia. Cancers in situ are lesions that are known to become inevitably invasive within a few years, if not treated. Malignant cells are defined in histology by the loss of both, differentiation and local residency. They cross the basement membrane and invade adjacent tissues. Cancer cells may learn to colonize lymph nodes or metastasise other organs (Liotta and Kohn, 2001) . Tumour progression deteriorates the cytoplasmic turnover, but affects above all the nucleus. Records of 5% -10% pathologic mitoses in low-grade dysplasias support this view. A continuous increase up to 60% and 80% CDFs of total divisions may be found in highgrade dysplasias and cancers, respectively. The frequency of aneuploid interphase nuclei increases in positive correlation with CDFs and chromosomal aberrations detected by CGH.
Interestingly, monosomy in liveborn infants has been established only for chromosome 21, and even that is extremely rare (Wisniewski et al., 1983) . Spontaneous abortion obviously eliminates defective zygotes, whereas tumours are sustained by the host. Ependymomas and meningiomas are frequently characterized by monosomy 22. Most of them react clinically benigne because of low proliferation. In contrast, their grade-3 variants show enforced proliferation with CDFs and are malignant. Tissues will be unlikely to develop malignant lesions if they show scarce proliferation (Boveri, 1914) .
Correct development depends on genes that regulate the need of cell proliferation and apoptosis. Failures in proliferation have been described as sources of genome instability and chromosome mutations resulting in CDFs and interphase aneuploidy. Failures of the apoptotic system may be caused by mutations in the genes coding for AIF, APAF1, P53, P21 and/ or caspases (Soengas et al., 2001; Joza et al., 2001) . Mitochondria initiate an alternative death-signalling pathway by releasing cytochrome c that triggers the cascade of caspases in the cytoplasm (Evan and Vousden, 2001 ). Factors that increase the cycling frequency of tumour cells will enhance aggressiveness. The Hedgehog protein is a candidate for triggering somatic stem cells, because the respective gene is aberrantly activated in basal-cell carcinomas (Wicking et al., 1999; Taipale and Beachy, 2001 ).
CDFs will be accumulated either by an unscheduled proliferation factor or when apoptosis is leaky. Coincidence of both, enhanced proliferation and failed cell death will be most disastrous for the host. Multiple checkpoint overrun is the condition for successful telophase CDFs. An undisturbed chromatin decondensation denotes these nuclei as chips for clonal selection in tumour progression.
CONCLUSION
Pathology of mitosis means proliferation in vivo through CDFs, which have not been eliminated by apoptosis. CDFs must take advantage of constitutive anaphase transport followed by chromatin decondensation, to be effective in the next cell generation. Genome instability evokes frequently chromosome instability in premalignant tumours (dysplasias). Thus, CDFs persist by override of cell-cycle checkpoints and are the source of aneuploid interphase nuclei in dysplasias and cancers. CDFs are generated stochastically by mitotic faults; they survive and supersede an autochthonous cell compartment. This process takes place at the host's expense and is understood as a series of clonal selections. The pathology of premalignant and malignant tumours is the given homeland for the pathology of mitosis.
